ABSTRACT: Amyloid β-protein (Aβ) assembly is a seminal process in Alzheimer's disease. Elucidating the mechanistic features of this process is thought to be vital for the design and targeting of therapeutic agents. Computational studies of the most pathologic form of Aβ, the 42-residue Aβ42 peptide, have suggested that hydrogen bonding involving Ser26 may be particularly important in organizing a monomer folding nucleus and in subsequent peptide assembly. To study this question, we experimentally determined structure− activity relationships among Aβ42 peptides in which Ser26 was replaced with Gly, Ala, α-aminobutryic acid (Abu), or Cys. We observed that aliphatic substitutions (Ala and Abu) produced substantially increased rates of formation of β-sheet, hydrophobic surface, and fibrils, and higher levels of cellular toxicity. Replacement of the Ser hydroxyl group with a sulfhydryl moiety (Cys) did not have these effects. Instead, this peptide behaved like native Aβ42, even though the hydropathy of Cys was similar to that of Abu and very different from that of Ser. We conclude that H bonding of Ser26 is the factor most important in its contribution to Aβ42 conformation, assembly, and subsequent toxicity. A lzheimer's disease (AD) is a fatal neurodegenerative disease and the sixth leading cause of death in the United States.
A lzheimer's disease (AD) is a fatal neurodegenerative disease and the sixth leading cause of death in the United States. 2 Of all the factors implicated in the etiology of this multifactorial disease, pathologic assembly of the 42-residue form of the amyloid β-protein (Aβ), Aβ42, 3, 4 correlates most strongly. Assembly includes formation of both fibrils and oligomers, the latter of which may be the most important AD neurotoxins. 5 Prior studies have sought to elucidate the conformational dynamics of Aβ42 monomer folding and oligomer formation. 6, 7 These studies revealed that the Aβ monomer contains a 10-residue segment, Ala 21 -Glu-Asp-ValGly-Ser-Asn-Lys-Gly-Ala 30 , that forms a protease resistant turn structure nucleating monomer folding. Structural changes within this nucleus that cause familial AD (FAD) or cerebral amyloid angiopathy have been shown to destabilize its turn, resulting in facilitation of Aβ assembly. 8, 9 These observations supported the idea that the decapeptide region of Aβ could be a therapeutic target. A number of studies have focused specifically on Ser26. Computational studies have suggested that Ser26 is involved in an extensive H bonding network stabilizing the turn structure. 10 Experimental studies of N α -acetyl-Ser26-O-acyliso-Aβ42, an isomer of Aβ42 in which Ser26 is connected to Gly25 through an ester bond to its β-hydroxyl group, showed striking effects on peptide assembly. 11 One explanation for this finding was that the ester bond disrupted the normal H bonding ability of the Ser hydroxyl group. To explore more fully how Ser26 impacts monomer folding and assembly, we synthesized peptides in which Ser was replaced with Gly, Ala, α-aminobutryic acid (Abu), or Cys ( Figure 1 ). These substitutions eliminate H bonding ability (Gly, Ala, and Abu) and produce a range of amino acid hydropathy of from − 0.8 to 2.5. 1 We first used photochemical cross-linking, sodium dodecyl sulfate− polyacrylamide gel electrophoresis, and silver staining ( Figure 2 ) to determine the oligomerization states of aggregatefree peptide populations immediately after solubilization at 22.5°C in 20 mM sodium phosphate (pH 7.5) at a nominal concentration of 0.5 mg/mL (see experimental details in the Supporting Information). 12 The Aβ42 ("Ser" a ) distribution comprised monomer through octamer, with an intensity node at pentamer/hexamer, consistent with prior studies.
12,13 Qualitatively similar distributions were observed for the four substituted peptides, with the exception of the absence of octamer bands. To enable quantitative comparisons of band intensities to be made, we normalized the data within each lane (Table S1) .
Ala, Abu, and Gly b displayed significant increases in levels of dimer (p < 0.01), trimer (p < 0.05 or p < 0.01), tetramer (p < 0.01), and pentamer (p < 0.05 or p < 0.01). No significant differences in hexamer intensities were observed. All four substituted peptides had lower levels of heptamer. The heptamer levels for Ala and Abu were significantly lower (p < 0.01). No peptide, except Ser, formed octamers. One explanation for the greater propensity of Ser, relative to those of the other peptides, to form heptamers and octamers may be its enhanced ability to stabilize the intrinsically disordered Aβ monomer in a conformational state that provides greater stability to the higher-order oligomers.
We next monitored β-sheet formation using thioflavin T (ThT) binding ( Figure 3 ) (see experimental details in the Supporting Information).
14− 16 Initial rates of increase in fluorescence displayed the following rank order: Ala ≫ Abu/ Gly ≫ Ser/Cys ( Figure 3A ). Lag times correlated inversely with the initial rates of increase in ThT. These data suggest that the presence of a small apolar side chain (methyl or ethyl) facilitates initial peptide assembly relative to the more polar side chains of Ser and Cys. This may be due to enhanced hydrophobic interactions leading to monomer self-association. Final fluorescence levels were highest for Ala and Abu, followed by Ser/Gly, and then Cys ( Figure 3B ). Gly may behave like Ser with respect to its effect on the end-stage assembly state because its loss of H bonding capability may be balanced by its strong entropic contribution to folding and assembly. Cys assembled the slowest and produced very low maximum fluorescence. Cys, Abu, and Ala all have relatively high hydropathy indices (2.5, 1.8− 2.5, and 1.8, respectively), and Cys and Abu have side chains that are similar in size. The distinct behavior of Cys thus must be due to distinct effects engendered by its sulfhydryl group compared to the methyl group of Abu and the lack of a C β substitution in Ala. Time-dependent changes in secondary structure were monitored by circular dichroism (CD) spectroscopy (Figure S1A− E) (see experimental details in the Supporting Information).
17,18 All peptides displayed initial spectra consistent with a statistical coil. This was followed by an apparent two-state coil → β-sheet transition (isosbestic points between 206 and 210 nm). To compare the kinetics of β-sheet formation among the peptides, we plotted the time dependence of the molar ellipticity at 215 nm [ We also monitored peptide assembly using SYPRO fluorescence (see experimental details in the Supporting Information), which occurs when the dye binds to exposed hydrophobic surfaces of proteins. 19, 20 Initial kinetics ( Figure  S2A ) showed that both Ala and Abu had similar rates of assembly for ≤3 h, after which Abu rates slowed modestly. Gly assembled initially as rapidly as Ala and Abu, but assembly plateaued at a low fluorescence intensity after ≈3 h. Ser and Cys assembled slower, but unlike Gly, they progressively displayed higher fluorescence intensities ( Figure S2B ). This 1 The Abu index was not specified but should be between those of Ala (1.8) and Val (2.5). rank order suggests that the apolar side chains of Ala and Abu are most able, relative to the other peptides, to contribute to the formation of hydrophobic surfaces. Gly also rapidly produced hydrophobic surfaces, possibly because of the conformational freedom it afforded the peptide backbone and not because of any direct hydrophobic effects. Maximum fluorescence intensities were observed by 24 h and displayed the following rank order: Ala/Ser ≥ Abu/Cys ≫ Gly. We ascribe the modest maximum fluorescence of Gly to its lack of a residue 26 side chain, which has little effect on the initial phases of fluorescence increases, during which initial monomer selfassociation occurs, but cannot contribute directly to the formation of hydrophobic surfaces.
To establish structure− toxicity relationships, we performed cell death (LDH) and cell metabolism (MTT) assays by incubating freshly prepared peptides and NGF-differentiated PC12 cells together for 16 h (see experimental details in the Supporting Information). Ala was most toxic in the LDH assay ( Figure 4A ). Ser and Abu were less but equally toxic, whereas Gly and Cys were minimally toxic. In the MTT assay, all peptides displayed substantial toxicity, with a rank order of Ala > Abu > Ser/Gly/Cys ( Figure 4B ). This order was consistent with that found in the LDH assay, with the exception that Ser was not as toxic as Abu. The order also was consistent with the rank order of fluorescence observed in the ThT experiments, which shows that the formation of β-sheets during the first 16 h of incubation and toxicity are correlated. This period reflects predominately initial peptide oligomerization and early fibril formation (see electron microscopy results below).
To determine the morphologies of assemblies, we performed electron microscopy (see experimental details in the Supporting Information). On day 0, Ser displayed a few small globules ( Figure S3A , white circle) and short c fibrils that appeared twisted (white arrows). Abu also displayed some globules (white circles), but the majority of structures were thin (black arrows) and thick (white arrows) fibrils, fibrils with helical twisting (green arrow), and what appeared to be linear associations of globules (red arrow). Ala had formed numerous thin fibrils (black arrows) that often were fasciculated (red arrows), as well as some globules (white circles). Gly and Cys both produced abundant aggregates composed of irregular globular structures, but no long fibrils. Short elongated structures with relatively constant diameters were seen occasionally within the aggregates formed by Gly (black arrows). Dimensions of the assemblies are listed in Table S2 .
After being incubated for 14 days, all peptides had formed abundant fibrils ( Figure S3B ). Ser formed relatively straight short and long fibrils that appeared to be composed of one (black arrows) or two (green arrows) individual filaments. Both straight (red arrow) and twisted (blue arrows) morphologies were seen. Abu produced a network of long fibrils of relatively constant diameter. Single filaments (black arrows) and, more often, bifilar structures (white arrows) were formed by Ala. Gly produced abundant thin filaments with occasional twisted substructures (black and white arrows). Thin filaments also predominated in the Cys sample.
The absence of rapid fibril formation by Gly and Cys (day 0) correlates with the observation that these peptides were the least toxic in MTT and LDH assays. Ser, which displayed very few fibril-like structures, had equally modest toxicity in MTT assays but was more toxic than Gly or Cys in LDH assays. These data are consistent with the interpretation of the toxicity data that suggested that during a 16 h assay, those peptides that can assemble most rapidly are the most toxic.
In summary, aliphatic substitutions (Ala and Abu) at position 26 produced substantially increased rates of formation of β-sheet, hydrophobic surface, and fibrils, and higher levels of toxicity in MTT assays. Sulfhydryl substitution (Cys), which produces a side chain as apolar as Abu, did not have these effects. Instead, Cys behaved more like Ser with respect to initial rates of formation of β-sheet and hydrophobic surface and with respect to MTT assay activity. These similarities were observed in spite of the fact that their hydropathy indices showed the greatest difference (2.5 vs − 0.8) among all peptides. Interestingly, Gly and Cys, which also exhibit large differences in side-chain size and hydropathy (− 0.4 vs 2.5), had similar effects on toxicity and fibril formation. We note that Cys did differ from Ser in overall fibril assembly rate. Increasing the hydrophobicity of the side chain at position 26 leads to the formation of fibrils at day 0 of the assembly process. However, Cys, which is the most hydrophobic of the substituted amino acids, forms fibrils unlike those formed by Abu or Ala, which also have apolar side chains. This suggests that, in addition to hydrophobic interactions, other factors such as H bonding or Coulombic interactions play roles in the initial stages of assembly. Upon comparison of the structures of Ser, Cys, and Abu (Figure 1) , it is clear that the distinct behaviors of these peptides cannot be ascribed simply to their side-chain sizes or geometries, which are similar, or to their hydropathy indices, which vary substantially between peptides exhibiting similar behaviors. Instead, the structural feature that appears to distinguish Ser and Cys from Abu is their ability to H bond. We conclude that H bonding of Ser26 may be the factor most important in its contribution to Aβ42 conformation, assembly, and subsequent toxicity. In addition, our results reveal an important caveat with respect to therapeutic strategies targeting Ser26, namely that targeting the hydroxymethyl side chain must 
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■ ADDITIONAL NOTES
a For the sake of simplicity, we refer to each of the substituted Aβ42 peptides using only the name of the substituted amino acid. b Although the dimer intensity of Gly trended higher than that of Ser, the Gly dimer intensity variance was too large to make the difference significant. We refer to "short" and "long" fibrils only to distinguish those fibrils with lengths in the nanometer range that are entirely visible within an image (short) from those whose lengths are in the micrometer length regime and whose ends are not visible (long). Long fibrils are >1 μm in length.
■ REFERENCES essentially as described. 1 The identity and purity (usually >97%) of the peptides were confirmed by amino acid analysis, mass spectrometry, and reverse phase high performance liquid chromatography (RP-HPLC). 
Preparation of low molecular weight (LMW)

Photo-Induced Crosslinking of Unmodified Proteins (PICUP).
Ab oligomerization was monitored using PICUP, essentially as described. 3 The peptides were prepared at a nominal
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S3 concentration of 0.5-1 mg/ml as described in "Preparation of LMW Ab42". The peptides then were incubated at RT. Eighteen µl of sample were periodically subjected to the PICUP reaction. The gel was silver stained using the X-pressÔ silver staining kit. 
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37°C. The effects of the peptides on cell physiology were measured using the MTT cell metabolism assay, as described previously. 5, 6 Briefly, following treatment, 15 µl of MTT was added to each well and incubated for 4 h at 37°C. The stop solution was added and incubated overnight at 25°C. MTT reduction was assessed by measuring absorption at 570 nm (corrected for background absorbance at 630 nm) using a Synergy plate reader (Bio-TEK Instruments, Winooski, VT). Results were normalized to the medium control group (100%) and expressed as the mean percent MTT metabolism ± standard deviation (SD). The data was plotted with GraphPad Prism 7. One-way ANOVA and Bonferoni post hoc tests were performed. A minimum of three independent experiments (six wells per data point) was performed.
LDH (Lactate Dehydrogenase) Assay: PC12 cells were plated under similar conditions as described for the MTT assay with growth medium. Following a 24-hour differentiation with NGF (100 ng/ml), the cells were incubated with 20 µM Aβ42 and Ser26-substituted isoforms for 16 h at 37°C, and cell death was assayed by measuring the release of LDH as described previously. 5, 7 Data from a minimum of three independent experiments (six wells per data point)
were normalized to media control and expressed as mean ± SD. The data were plotted with GraphPad Prism 7. One-way ANOVA and Bonferoni post hoc tests were performed on the data. 
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